Abstract-This paper presents a closed-loop optimally controlled force-sensing technology with applications in both micromanipulation and microassembly. The microforce-sensing technology in this paper is based on a cantilevered composite beam structure with embedded piezoelectric polyvinylidene fluoride (PVDF) actuating and sensing layers. In this type of sensor, the application of an external load causes deformation within the PVDF sensing layer. This generates a signal that is fed through a linear quadratic regulator (LQR) optimal servoed controller to the PVDF actuating layer. This in turn generates a balancing force to counteract the externally applied load. As a result, a closed feedback loop is formed, which causes the tip of this highly sensitive sensor to remain in its equilibrium position, even in the presence of dynamically applied external loads. The sensor's stiffness is virtually improved as a result of the equilibrium position whenever the control loop is active, thereby enabling accurate motion control of the sensor tip for fine micromanipulation and microassembly. Furthermore, the applied force can be determined in real time through measurement of the balance force.
duces considerable difficulties in the accurate manipulation of microdevices. The second major system limitation is that the sensors only have a small dynamic range over which they maintain high accuracy. To overcome these limitations, the concept of force balancing or active force sensing has been widely used, mainly in the design of accelerometers [5] . In such devices, servo mechanisms are often integrated into the sensor to balance the external load, keeping the moving parts of the sensor in equilibrium position. This improves the sensor stiffness and increases the manipulability of systems that use the sensor as part of a manipulator. More importantly, this approach does not affect the actual physical material properties of the sensor, and increasing the sensor's stiffness in this way does not appreciably degrade its sensitivity. Although macroscale active sensors have been developed, until now, very few active sensors have been reported that are capable of detecting forces in the micro-Newton range. More recently, Sun et al. [6] introduced their actively servoed two-axis capacitive microforce sensor, in which an externally applied force is balanced using forces generated by electrostatic microactuators within the sensor. The accuracy and viability of this electrostatic actuating sensor in certain environments are affected by the fact that it is difficult to build an accurate model of the system.
In this paper, a more sensitive, stable, and robust activesensing approach using piezoelectric sensing and actuating capabilities [7] , [9] , [17] , [18] is investigated. In the recent years, piezoelectric materials have been studied extensively for use as smart structures [14] , or as sensors and actuators used to control the vibration of elastic structures [12] , [13] . However, most of the above work do not focus on the issues of forcesensing performance. To the best of our knowledge, there exists no active force-sensing method using piezoelectric materials for reliable micromanipulation or microassembly for use at the micro-Newton scale. In our work, the developed sensor is a soft cantilevered beam structure with piezoelectric polyvinylidene fluoride (PVDF) sensing and actuation layers symmetrically embedded in a composite sensor beam. Its balancing principle is illustrated in Fig. 1 . When an external microforce, for example, F A , deforms the sensor, the force is recorded by the PVDF sensing layer and fed back to the PVDF actuating layer through a linear quadratic regulator (LQR) optimal servo controller. A counteracting force F B is then generated from the bending moment M of the actuating layer to balance the deformation. The sensor tip then returns to its equilibrium position, and will remain there even with dynamic external force stimulus, as long as the external force is balanced, that is, F A = F B . Furthermore, the value of the microforce can be obtained in real time through measurement of the balance voltage being applied to the actuating layer. In our work, by using the LQR compensator, the sensor tip deflection and velocity can be estimated by the designed observer of the LQR compensator without requiring any measurement of the deflection or velocity of the sensor tip. This closed-loop optimal control-enabled balance approach enlarges the dynamic range of the sensor and will enhance manipulability during micromanipulation. Experimental results verify the balance behavior of the microforce sensor as well as the effectiveness of the developed sensing models and the LQR controller. This paper is organized as follows. The structure and design of the piezoelectric polymer PVDF sensor, PVDF sensing and actuating models, and dynamic model of the sensing system are described in detail in Section II. The state space expression and the closed-loop LQR-optimal servo controller for active force sensing are presented, and system stability is analyzed in Section III. The calibration results of the sensing and actuating capabilities as well as the experimental results of the closed-loop control-enabled microforce sensing using the LQR-optimal servo controller are demonstrated in Section IV. Finally, conclusions are drawn in Section V.
II. SENSOR STRUCTURE AND SENSING/ACTUATING MODELING

A. Sensor Design and Structure
To fabricate a force-balance sensor or an active force sensor, the sensor's structure should include an integrated force sensing and actuating pair. In this paper, our active force sensor is a composite cantilever beam structure attached to a rigid contact tip. In this composite beam, PVDF sensing and actuating layers are embedded in the inner layers and are bonded tightly to other layers after fabrication. The detailed composite sensor beam structure is shown in Fig. 2 and the configuration of its crosssectional area is shown in Fig. 3 . Fig. 4 illustrates the entire design of a compact PVDF microforce sensor, with a sensing and actuating PVDF pair embedded in the composite beam structure. As shown in Fig. 4 , the PVDF layer in layer 2 acts as a balancing actuator, with the PVDF layer in layer 9 working as a sensing device. In this design, a rigid tip attached to the composite beam is used for both detection and manipulation.
As shown in Figs. 2-4 , the sensor beam is made from six types of materials and 11 layers of different moduli of elasticity. Before modeling the sensor, it is very important to explore the mechanical properties of the materials of this multilayer com- 
B. PVDF Sensing Layer Model
As shown in Fig. 4 , the sensor beam is much wider and longer than the thickness. Therefore, the strain s y along the width of the beam can be assumed to be zero [7] , [8] . For the PVDF sensing layer 9, with the above assumptions, based on the piezoelectric transverse effect, the unit piezoelectric equation is [9] 
where D 3 (r, t) is the normal electric displacement of the PVDF film. d 31 is the transverse piezoelectric coefficient. σ s (r, t) denotes the unit stress in the PVDF sensing layer along the beam length. Notice that the pyroelectric effect is omitted in the above equation since the thermally insulating layers (layers 7 and 11) coat both sides of the PVDF sensing layer. Using the mechanics of materials for a cantilever beam as shown in Fig. 2 , the force/torque-induced unit median stress of the PVDF sensing layer can be obtained if the external force f c (t) acts at the sensor tip
Notice that in Fig. 2 , since an 11-layer composite beam is employed, c 9 is the distance between the centerline of the PVDF sensing layer and the neutral axis of the composite beam. ω s (r, t) is the elastic deflection of the flexible composite beam caused by the microforce f c (t) at the sensor tip, and 0 ≤ r ≤ L. E 9 is the Young's modulus of the PVDF sensing layer. In addition, since the small temperature and electric field effects are omitted in the PVDF sensing layer, (2) denotes that the main stress results from the applied force/torque [12], [13] . For the complete modelings of axial stress of piezoelectric sensors, refer to [7] and [16] . Since charge generation is the same along the width of PVDF (s y = 0), the force f c induced charge Q s (t) across the PVDF
By the separate variable method [10] ,
, where Φ i (r) are the eigenfunctions satisfying the ordinary differential equation and q si (s) are the modal displacements caused by the microforce. Then, by Laplace transform of (3), Q s (s) can be written as
where a prime indicates the derivative with respect to the position.
In addition, a capacitor C P can be used as a simplified equivalent circuit to represent the model of the PVDF sensing layer. The output voltage V s (t) of the PVDF sensing layer caused by the microforce can be described by
By substituting (4) into the Laplace transformation of (5), we have
where
To measure the sensing voltage V s , the PVDF sensing layer is interfaced with a PCI-DAS4020/12 analog/digital input/output board (Measurement Computing Corporation) in a PC through the electronic buffer and amplifier circuit illustrated in Fig. 5 . The circuit is constructed using AD549 ultralowinput bias current operational amplifier (Analog Devices, Inc.) with a high-input impedance R in = 10
13 Ω and low-bias current 150 fA. The interface circuit is used to buffer and amplify the open-circuit voltage V s of the sensing layer with a gain K a = (R F /R 1 ) + 1. The circuit output V so is a high-pass filtered approximation of the voltage V s and can be sampled by the PCI-DAS4020/12 board in the PC. The transfer function between V so and V s is represented as
C. PVDF Actuation and Balance Transfer Function
The PVDF layer 2 serves as a distributed parameter actuator for balancing the deflections or the external microforce f c . When a voltage V a (r, t) is applied to the actuating PVDF layer 2, it induces a longitudinal stress σ a on the layer given by
where E 2 is the Young's modulus of the actuating PVDF film and h 2 is the thickness of the PVDF actuating layer. The stress due to an applied voltage produces a bending moment M a along the composite sensor beam's neutral axis given by
Note that in order to get the neutral axisN a as shown in Fig. 3 , the fixed reference plane is selected as the outside plane of layer 1.
is a constant that depends on the geometry of the composite beam.
To determine the transfer function between the actuating V a and the elastic deflection of the sensor beam at any point along the beam, we consider the deflection ω a (r, t) of the composite sensor beam caused only by the actuating voltage V a . A Bernoulli-Euler equation with additional term due to the actuating voltage can be described as follows [13] :
∂r 2 − C a V a (r, t)
where E, I, and ρ represent the Young's modulus, inertial moment, and linear mass density of the composite beam, respectively. The boundary conditions for the actuating equation are
Using the modal analysis method [10] , the deflection ω a (r, t) can also be expressed as an infinite series in the following form: [10] , we get the differential equation corresponding to each shape mode to be
where α i is the infinite set of eigenvalues, and the natural frequencies ω i of the sensor beam are related to α i by
ρA . Sequentially, by including the microforce f c acting at the sensor tip and the bending moment C a V a induced by the balance voltage V a , the whole dynamics of the active sensor is governed by the following partial differential equation [10] :
Then, the transfer function between the external force acting at the sensor tip and the balanced voltage V a in the actuating layer can be obtained, if ω(r, t) = 0, as
The above transfer functions can be used to obtain the balance force and to calculate the equivalent microforce applied during the balancing process.
III. CLOSED-LOOP OPTIMAL CONTROL-ENABLED FORCE SENSING
In this section, we focus on designing a closed-loop optimal LQR servo controller. The servo controller can generate the balance voltage V a to the PVDF actuating layer based on the feedback of the output voltage V so of the PVDF sensing layer. As a result, the sensor tip is held in the equilibrium position. Additionally, once the applied force is balanced, the equivalent applied force can be determined from the balancing force using (17) . The block diagram of this closed-loop controlled force sensor is shown in Fig. 6 .
The state space representation of the sensor system and the closed-loop LQR controller design are described as follows. Suppose the state vector X of the sensor system and the ith order mode state vector x i are
T . If we assume that q ai = −q si = q i (t), then (6), (7), and (15) can be written to obtain the following state space expression:ẋ
In order to take the damping effect into consideration, we add the damping term 2ξ i ω i to the system. Furthermore, as an infinite-order model, the state space representation of the system is given asẊ
where the control input signal is u(t) = V a (t) and the output is y(t) = V so (t) from the PVDF sensing layer.
T . Note that the states X cannot be measured and thus a state estimator or observer is employed to properly estimate the deflection and velocity of the sensor beam. The state estimator is used in conjunction with the control law to produce LQR compensation for the sensor system. To design such a LQR compensator, first, we consider the minimization of the quadratic cost function as follows:
with associated linear state dynamics and output in (21), where the weight matrices Q>0 and R>0 are the design parameters. Furthermore, based on the dual property of the system, we can obtain an optimal observer with gain L as followṡ
whereΠ satisfies the following Riccati equation Note that the matricesQ andR are the design criteria for the state estimator and perform roles similar to those of Q and R in the cost function (22). The observer converges to the state asymptotically so long as the system is detectable. This, along with continuity, implies that the compensated controller u = −KX
will stabilize the system and make the states converge to zero [11] . As a result, the deflection and velocity of the sensor beam is reduced. Here, Π can be solved by the Riccati equation
Once balanced, the applied force can be obtained from (17) using the input voltage u(t).
IV. VERIFICATION AND EXPERIMENTS OF ACTIVE FORCE SENSOR
A. Sensor Parameters Fig. 7 shows the prototype of the 1-D PVDF active sensor used in the calibration and experiments. The dimensions and parameters of the sensor are shown in Table I . In addition, the parameters of 11 layers of the sensor composite beam are shown in Table II .
B. Experimental Setup
The experiments were conducted on a microrobotic system at the Robotics and Automation Laboretory, Michigan State University, as shown in Fig. 8 . The microrobotic system consists mainly of a SIGNATONE Computer Aided Probe Station and a Mitutoyo FS60 optical microscope system. The system is an open platform that can easily be integrated with the developed PVDF microforce sensor. To improve the system's balance control speed, a real-time implementation of the proposed algorithm was performed using an x86-based PC, running on the Linux operating system. A patch from the real-time applications interface (RTAI) software package was applied to the kernel source code and used to compile a POSIX compliant, real-time kernel for the Linux OS. Based on the servoed controller, the scaled actuating signal (in the range of ±10 V) is output through the PCI-DAS4020/12 acquisition board described in Section II-B. Furthermore, this signal is linearly amplified to approach V a for the PVDF actuating layer using a power amplifier (i.e., OPA445, Texas Instruments). The maximum sampling frequency of PCI-DAS4020/12 is 20 MHz with 12-bit A/D resolution. The loop time of the force-sensing and control system is about 60 µs. To reduce the vibrations from the environment, a vibration-isolation table was used during the experiments as shown in Fig. 8 . All the experiments were performed at a stable room temperature. Fig. 9 illustrates the experimental setup of microforce sensing and balance control.
C. Verification of PVDF Sensing Capability of the Sensor
The verification and static calibration of the PVDF sensing layer were conducted without using the active balance control. First, the deflection of the sensor tip due to the applied load was obtained using an OADM 2016441/S14F high-precision laser distance sensor (resolution ≤ 4 µm within 30-mm measuring range, accuracy is ±0.072%, Baumer Electric). As the tip is being deflected, the corresponding sensing output voltage (K a = 10) is recorded. The microforce information corresponding to the deflection is also obtained using an optically calibrated PVDF microforce sensor (sensitivity: 42.6 mV/µN ±4.472%, resolution: submicro-Newton, accuracy: ±4.97%). This calibrated force sensor has been successfully used in our previous work [15] . Both the sensing output-deflection and forcedeflection curves are shown in Fig. 10 . From this figure, the sensitivity of the PVDF layer was estimated to be 10.88 mV/µN 
D. Actuating Calibration
By the use of a precisely calibrated Mitutoyo 100x microscope (with a 50x objective and a 2x zoom), we obtained the result that the total resolution of the calibration setup approaches 0.2106 µm/pixels in X and 0.2666 µm/pixels in Y on the image plane. Then, we used the HP6218A dc power supply to provide the dc voltage (measured by the FLUKE 83III multimeter) to the actuating PVDF layer of the sensor. The deflections of the sensor tip due to different dc voltages applied can be measured by the precision microscope system. Fig. 11 shows the calibrated curves (both step-up and step-down procedures) and the simulated curve based on the following model of the sensor tip Step response of sensor tip deflection balancing. deflection ω at :
where ω a (L, t) and ω a (L, t) are the deflection and bending angles of the free end of the sensor beam, respectively. They can be obtained using (15) . By calibration, the sensitivity of actuator was 0.49069 µm/V ±7.75%, the hysteretic was 0.0362 µm/V, and the linearity was obtained as ±7.77% in a full scale.
E. Step Response of Sensor Tip Deflection Balancing
To observe the deflection balancing behavior and response time of the sensor tip, a step response result of the deflection balance of sensor tip is shown in Fig. 12 . In this experiment, the sensor tip is originally pushed −20 µm away from the equilibrium position, and by starting the LQR balancing control the sensor tip is balanced and dynamically maintained in the equilibrium position. In this experiment, the gain of the sensing output K a is 10. For the LQR controller, the following parameters were selected when three shape modes are used:
where I 3×3 is a 3 × 3 identity matrix.
F. Active Force Sensing Based on LQR Balance Control
Closed-loop LQR control-enabled force-sensing experiments were performed using the same parameters Q, R,Q,R, and K a for the controller mentioned in Section IV-E. In this experiment, we used a joystick to arbitrarily and manually drive a precise linear motor with an accuracy of 32 steps/µm to control and move the sensor tip. The sensor tip is controlled to contact a fixed and calibrated PVDF microforce sensor (serves as a referenced force sensor) used in our previous work [15] . The contact force causes the sensor beam to bend and generates the sensing signal to the LQR-optimal controller. Thus, one of the experimental results is demonstrated. In this experiment, the sensor tip was twice put in contact with the referenced force sensor for a few seconds (approximating a constant force). Then, the sensor tip was twice moved away from the fixed sensor. Two short-time tap forces were produced to verify the performance of the developed LQR control-enabled microforce sensing. Fig. 13 shows the recorded sensing voltage [y(V)] and the output balance voltage [u(V) = V a ] generated by the optimal LQR servo controller. In Fig. 14 , a balance behavior can be observed; the balance force from the actuating layer [based on (17) ] and the applied microforce (recorded by the referenced force sensor and shown in the upper position) are close. By this method, the error of the active sensing system can reach ±0.5 × 10 −6 N in a full scale, which means that compared to the referenced force, the accuracy of force measurement is within ±7.67% FS. The measuring range is ±65 µN when V a = ±45V.
All the experimental results clearly demonstrated the high performance of the sensing system, which greatly enhances the manipulability of the microrobot for fine micromanipulation.
V. CONCLUSION
This paper presents a closed-loop LQR-optimal controlenabled microforce-sensing technology for use in micromanipulation and microassembly. A microforce sensor with forcebalance behavior was developed based on a PVDF cantilevered beam structure integrated with PVDF actuating and sensing layers. This closed-loop LQR-optimal control-enabled sensing approach greatly enlarges the dynamic range of the microforce sensor, improves the accuracy of active force sensing, and enhances the manipulability of the system.
